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Abstract. Biofuel has the potential to be used as an alternative fuel compared to petroleum gasoline 
for the purpose increase performance and reducing emissions. The objective of the study is to 
evaluate performance and emission on properties of 10–30% fusel oil blends with pure gasoline 
(Ron 95) at 3000 rpm. In this experiment, three fuels were designed from fusel oil to test engine 
performance and emission. The haltech ECU was an escalation to set ignition, injection timing and 
injection mass when using fusel oil blends to reach stoichiometric level. In this study, pure gasoline 
was set as a reference. The experiments were conducted on 1.8L turbocharged 4-cylinder, spark 
ignition engine, port injection and coupled with 100 kW eddy current dynamometer. During engine 
testing, the throttle position was applied to 10–40%. As a result, averaged BMEP increase at 11.9%, 
17.8% and 21.3% for F10, F20 and F30 respectively compared to gasoline. The VE and BSFC 
averaged increased 8.3% and 6.17% compared to pure gasoline for 10–40% engine load. The 
emissions for CO and HC on these observations increased while the NOx decreased when fusel oil 
blends were utilized. The recommendation used in study is low proportion blends to assess different 
properties for engine test. 
1.  Introduction 
Nowadays in order to reduce emissions and increase efficiency, engines are designed to downsize and use 
supercharge/turbocharge. The main challenge for completing the desired fuel economy in optimizing the 
design and control of the fuel system, engine boosting system, and engine component is the reduction of 
compartment damage resulting from engine knocking [1]. In the review, gasoline engine downsizing and 
turbocharging has shown to improve fuel economy by 10~20% in passenger vehicles [2]. Data from a wide 
range of production vehicles also were compared to provide a comparison to demonstrate fuel consumption 
reduction of 16–18% [3] using a turbocharger engine. 
Biofuel has a higher octane number, an excessive content of oxygen in material as compared to pure 
gasoline and their single boiling factor cause them to be appropriate for use in SI engine [4][5]. Blends 
biofuel also lower HRR due to the single boiling. The main reason for this is due to having one type of 
hydrocarbon [6][7]. The heating value or calorific value is believed to be one of the crucial parameters in 
the combustion process of biofuel. The heating value of alternative fuel and mainly alcohols 
is anticipated to be approximately 20-30% lower than that of fossil providing one of the big demanding 
situations to making use of it in internal combustion engines [8]. The engine utilizes biofuel needs slight 
modification injection timing and mass to maintain performance due to the oxygen and water content. Fuel 
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with a better octane rating will preserve higher compression quantitative relation previous the 
engine knocking, consequently giving the engine an potential to power in greater efficiently [9]. 
Recently, fusel oil is alcohol by-product of after fermentation at some stage in the distillation technique 
[10]–[12]. Fusel has the imaginative and prescient of being an alternative fuel blend in internal combustion 
engine [13]. The composition of the fusel oil depends on the type of carbon used in the alcohol fermentation, 
the process of fermentation, the activity process, and decomposition process [14]–[16]. Moreover, biofuel 
burns cleanser than crude oil and convey lesser CO and HC. The heat of vaporization in biofuel is great; as 
a consequence, the peak temperature within the combustion chamber leading to decrease NOx emissions 
and improved performance. However, the utilized 100% biofuel to the engine due to performance worsen 
or rusty to component and part due to water content. 
Calam et al. [17] was investigated low proportion blends, spark ignition engine, port injection, single 
cylinder using gasoline and Fusel oil blends (F0, F10, F20 and F30). In general, the engine performance 
increased when used the Fusel oil as additive or blends in gasoline engine. Calam et al. mention the oxygen 
content was one of reason the performance increased due to lean combustion occur in cylinder combustion 
when engine use Fusel oil blends. The engine performance shown increased by 4.8%, 1.8% and 1.5% 
respectively for F10, F20 and F30 compared to the F0 (gasoline). 
Thus, Solmaz [18] study 100% and 50% fusel oil blends and mention that water content and lower 
heating value is another impediment of engine performance drop. The engine performance average reduce 
6% and 2% for F100 and F50 when fusel oil were used. Solmaz conclude that fusel oil increase Flame 
development and Flame propagation due to properties of Fusel oil. The emission of CO and HC increased 
to 21% and 25% respectively. Then the NOx emission decreased about 31% cause the worse combustion 
in engine cylinder. 
In this study, pure gasoline as a reference has been blended with fusel oil at concentrations of 10%, 20% 
and 30%. The objective of experiments that were carried out tested the engine performance and emission 
of different fuel properties. In an experiment scoop , the engine speed was run at 3000 rpm and 10–40% 
throttle position. Then the Haltech ECU was utilized to set the ignition and injection mass to calibrate 
according to the physicochemical properties. The adjustment timing is gap in this research was used as 
novel to avoid ignition delay, find optimization efficiency and repair aggravated combustion by water 
content during engine testing. The novel procedure of using ECU programmable to retune the performance 
and emission correlation between the timing of ignition and injection mass of fuel has been implemented. 
The  
2.  Experimental Setup 
The turbocharged engine was tested using the 1.8L single overhead cam, four cylinders and port injection. 
Table 1 shows the engine specifications for this study. The engine using 81mm piston bore and 89mm 
stroke length to produce 88 kW engine power and 159Nm maximum torque. The Haltech ECU was utilized 
to manage ignition and injection mass at stoichiometric levels. Figure 1 shown the diagram and schematic 
diagram for engine setup. The injector will trigger the signal at 70° BTDC in millisecond (ms) before the 
intake valve opens during the end of the exhaust stroke and early suction stroke. Fuel consumption was 
occupied using AIC fuel flow rate meter with accuracy of 1% reading. Table 2 shown the all fuels 
properties. Table 3 shown matrix for engine spark timing and injection mass trigger time and spray. 
2.1. Fuel 
Initially the engine was tested using gasoline. It is used as guide and reference for performance and emission 
of other fuel blends. The following three fuel blends were used is F10, F20 and F30 as 10%, 20% and 30% 
respectively blends with gasoline. The blending fusel oil limit to 30% is due to this fuel has higher water 
content and aggravated combustion. In the experiment setup, two tanks were used; One of tank uses gasoline 
and another one uses blended fuel tank. The experimental test on each fuel was carried out for an hour. 
Prior to using of new blends fuel, engine was flushed with gasoline for around 10-15 minute in pipe line to 
fill up new fuel. A 12 volt inline pump was used to supply fuel from tank to delivery valve. The pressure 
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used in the delivery fuel system is around 35 Psi and was controlled by fuel regulator. The flexible pipe 
line was use to deliver all kind of fuel to system fuel.  
2.2. Dynamometer 
The engine was coupled with an eddy-current 100 kW dynamometer to measure the torque and rated speed 
of engine. Figure 1 shows the dynamometer used in the experiment coupled with engine. The tests were 
performed on the dynamometer while running the engine at 3000 RPM and 10-40% engine throttle position. 
The dynamometer also has water cooling tower to reduce high temperature by using adjustment valve to 
regulate the water flow to stable at 70o-80o C. Two hose was connected at dynamometer and cooling tower: 
1) Water inlet 2) Water outlet. 
2.3. Emission 
Engine emission is major part of this experimental study.  Exhaust emission evaluated by KANE Autoplus 
5-2 for measuring NOx, HC and CO emission. To precisely measure stoichiometric levels, every fuel 
metering by the Dynojet brand wide band was utilized. The exhaust emissions of three blending fuel are 
compared with gasoline at 3000 rpm engine speeds and 10-40% throttle position. All emission results were 
taken from the tail end of exhaust pipe three time with average. 
2.4.Cylinder pressure 
Pressure in cylinder and the crank encoder data were recorded by using TFX combustion analyzer software. 
An Optrand Auto PSI-S model fiber-optic and an optical shaft encoder were installed to monitor the cylinder 
pressure and crank angle. The pressure sensor measures the pressure with a range of 0–200 bar and 1.12 
mV-psi sensitivity. When engine rotation reaches 2000 RPM, the turbocharge increase the boost pressure 
by supplying more air in the intake manifold. The air passing through the combustion chamber was metered 
by air flow meter. 
          
Figure 1. The test rig and schematic diagram gasoline engine in laboratory 
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Table 1. The 4G93 SOHC engine specifications. 
Type In-line SOHC 16 V MPI 
Number of cylinders 4 
Combustion of Chambers Pentroof Type 
Total displacement 1834 cc 
Cylinder bore (mm) 81 
Piston stroke (mm) 89 
Compression ratio 
Maximum output 
Maximum torque 
9.5:1 
88kW(120Ps;118bhp) 
159Nm (117 ft lbt) 
Table 2. Properties pure gasoline and fusel oil blends [17]  
Table 3. Matrix test of ignition timing and injection mass for fusel oil at engine speed 3000 rpm 
 Throttle Position 
 10 20 30 40 
Fuel     
Gasoline (Timing of ignition as reference) BTDC (7-15) (7-15) (7-15) (7-15) 
Fusel oil 10% 2% 2% 2% 2% 
Fusel oil 20% 3% 3% 3% 3% 
Fusel oil 30% 5% 5% 5% 5% 
Gasoline (Timing of injection mass) 700 BTDC 2-3 ms 3-5ms 5-6ms 6-7ms 
Fusel oil 10% 2% 2% 2% 2% 
Fusel oil 20% 3% 3% 3% 3% 
Fusel oil 30% 5% 5.3% 5.5% 6% 
3.  Results and discussion  
3.1. Brake mean effective pressure (BMEP) 
The BMEP is a parameter that reflects the engine power output. Figure 2 shows the variation of BMEP for 
engine study with engine speed of 3000 rpm and throttle positions at 10–40% using pure gasoline and fusel 
oil blends. At 10% throttle position, the BMEP reached average at 4.7-13.0% for all fuels and linearly 
increased until at 40% throttle position. From the observation, the BMEP for all fuel blends increased when 
fusel oil increased compared to pure gasoline. The BMEP increased as the ECU increased ignition at 2-5% 
compared to gasoline and injection mass 2-6% compared to gasoline then the engine was quite stable during 
the test. As the result, complete combustion shows in improving the BMEP when the energy of the fusel 
oil was equivalent to that of the replaced gasoline fuel [19]. Similar results was founded by Solmaz [18] 
Properties Gasoline Pure Fusel Fusel 10% Fusel 20% Fusel 30% Test method 
Density (kg/m3) 754 847 755 761 768 D4052 
Stoichiometry 14.7 9.65 14.19 13.69 13.18 Ratio 
RON 95 106.85 97.85 97.89 98.3 D2699 
Lower heating value 43.5 29.5 42.6 42.1 41.7 D 240 
Freezing point (°C) -52 < -50 < -50 < -50 < -50 D 6749 
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mentioned that if the optimized ignition timing is determined for fusel oil, a better performance results may 
achieved.  
3.2. Volumetric efficiency (VE) 
Figure 2. BMEP, VE and BSFC versus throttle position at 3000 rpm engine speed. 
 
     Figure 2 shows the VE versus throttle position 10–40% for all fuel tests at 3000 rpm engine speed. The 
VE was increased when fusel oil blends was utilized. The test had shown VE blending of fusel oil increased 
between 4-11% and 8-13.8% at 10% and 40% throttle position, respectively compared to the gasoline. Fusel 
oil has higher octane number than gasoline thus it can lead to operation at higher compression ratios 
therefore improvement in power output and efficiency [20]. Furthermore, it has high latent heat of 
vaporization. To increase engine performance, the mass of fuel must increase more spray to achieve engine 
power. As a consequence, effect of lower calorific value and high latent heat of vaporization, engine 
volumetric efficiency may increase BSFC to maintain power of engine [19]. Again, the engine utilized 
alcohol fuel allows more air into the cylinder, which increases the VE. The intake manifold decrease 
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temperature due to allow more fuel injection into the chamber. Hence, the maximum brake torque and 
volumetric efficiency show increase trends [21]. 
3.3. Brake specific fuel consumption (BSFC) 
The effect of BSFC on engine testing obtained with pure gasoline, and fusel oil blends labeled as F10, F20 
and F30 at 3000 rpm are shown in Figure 2. More fuel must be sprayed into the same amount of air when 
fusel oil is used compared to pure gasoline to maintain the engine performance. All fuel blends from fusel 
oil lead to increase in specific fuel consumption due to the lower stoichiometry number compared to 
gasoline [20]. The high viscosity and density of Fusel oil is due to the obstruction of vaporization and 
atomization of fuel and deterioration of the combustion process leading to increase in fuel consumption at 
all loads. Despite incrising the mass of fuel, it is promising that the specific fuel consumption decreased 
with the increase of throttle position, for all test fuels. The lower calorific heat values of the test fuels 
obtained by adding fusel oil into gasoline is lower than that of pure gasoline led to increased BSFC. The 
lower calorific value of fusel oil is almost 30% that of pure gasoline and difference due to chemical 
composition [13][15].  
3.4. Emission 
 
3.4.1. Carbon Monoxide (CO). Figure 3 shows the CO with concentrations of gasoline, F10, F20 and F30 
versus throttle positions at 3000 rpm. CO is a product of incomplete combustion and is mainly produced in 
flame quenching regions[24]. The CO increases when engine utilized fusel oil blends compared to pure 
gasoline. The formation of the CO at low loads reaches between 0.3–0.5%. When utilizing engine at higher 
loads, the formation of CO was between 0.8–1.0% due to cooling in-cylinder temperature that are very 
close to each other. The rich combustion invariably higher CO and result incomplete combustion [25]. The 
CO emission escalated despite engine running at stoichiometric conditions for all fuels due to in-cylinder 
temperature that decreased at lower loads. CO emissions are extremely influenced by the combustion 
temperature in the cylinder and the homogenization of AFR [24]. 
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Figure 3. Carbon monoxide, Nitrogen oxide and Hydrocarbon versus throttle position at 3000 rpm. 
3.4.2. Nitrogen Oxide (NOx). Figure 3 shows the NOx for blending fuel between pure gasoline, F10 
F20 and F30 at 3000 rpm. The testing showed that the NOx decreased when concentration of blends 
increased compared to pure gasoline. At low throttle positions, the NOx yielded 8.6-19.2% and are close to 
each other due to ignition timing and injection timing and increment of only 2% mass. When engine reached 
higher loads, the NOx reaches 8.3-25%. The higher heat of vaporization of the fusel oil causes the decrease 
in combustion temperature. Similar results were found by Balki et al. [26] with NOx also reducing when 
using alcohol fuel for their SI engine study. When engine use the alcohol fuel, the cylinder temperature 
reduce will reduce the emission of NOx [27]. 
 
3.4.3. Hydrocarbon (HC). Figure 3 shows the variation of HC using gasoline blends with fusel oil of 10–
30% concentration at 3000 rpm. From observation, the emissions of HC increased linearly when using fusel 
oil blends compared to pure gasoline. At low loads, the engine produced between 8.3-19.4% of HC while 
at higher loads, the engine yields 5.5-11.9% of HC. The increase of HC is due to the higher oxygen content 
of fusel oil, which leads to a more complete and cleaner combustion, thereby increasing HC emissions. 
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Another reason for higher HC is the engine running at slightly higher mixtures and richer conditions 
(stoichiometry) to maintain engine performance with pure gasoline. In general, the hydrocarbons in the 
exhaust are mainly affected by three mechanisms: (a) misfiring or incomplete combustion, which occurs in 
highly rich or lean AFR, (b) flame quenching effects, which takes place near the combustion chamber 
surface area or clearance and (c) deposits or oil membranes, which absorb fuel [28].  The higher emission 
of HC is either low temperature or inadequate oxygen in cylinder combustion or fuel rich mixture [29]. 
4. Conclusion 
In this study, the pure gasoline and fusel oil mixtures have been tested in four-cylinder SI engines 
under stoichiometric conditions using programmable ECU to increase ignition, injection timing and 
injection mass. The engine Mitsubishi 1.8L was utilized at 3000 rpm and 10–40% throttle positions. 
Considering the experimental results, it is possible to draw the following conclusions: 
1. The present work demonstrates that the use of fusel oil blends will marginally increase the BMEP 
compared to pure gasoline due to an increased ignition and injection timing at 3–5% to reach stoichiometry. 
2. The engine showed VE of all fusel oil blends increases in concentration compared to pure gasoline due 
to calibration according the physicochemical properties of fusel oil blends and to preserve the engine 
performance. 
3. The BSFC increased at all engine loads in a wide range compared to pure gasoline due to higher density, 
lower heating values and higher latent heat of evaporation of fusel oil.  
4. The physicochemical properties of fusel oil blends such as the lower heating value, latent heat of 
vaporization, water content, oxygen content, laminar flame velocity, etc. dominated the NOx, CO and HC 
formation in the spark ignition engine. 
5. The ignition timing average was increased 10-30% compared to gasoline and parallel increase the flame 
development and flame propagation to increase the engine performance. While injection mass average was 
increased to 6-10% compared to gasoline for maintain engine performance. 
6.The engine emission average was increase for CO and HC at 60% and 20% respectively compared to 
gasoline. While Nox reduce dramatically when engine used the Fusel oil due to higher water content and 
reduce the cylinder temperature average at 19% compared to gasoline. 
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